In mitochondria, ATP synthesis is coupled to oxygen consumption by the proton electrochemical gradient established across the mitochondrial inner membrane in a process termed oxidative phosphorylation. It has long been known from stoichiometric studies that ATP synthesis is not perfectly coupled to oxygen consumption. The major inef®ciency in the system is leakage of protons across the mitochondrial inner membrane driven by the proton electrochemical gradient. The kinetics of the proton leak can be determined indirectly, by measuring the oxygen consumption of mitochondria under non-phosphorylating conditions (plus oligomycin) as a function of the proton electrochemical gradient. This experimental system provides a convenient means to investigate inner membrane permeability to protons and the effect of factors that may effect that permeability. In this paper we review some results from our laboratory of indirect measurement of mitochondrial proton leak and how it has been applied to investigate the effect of aging, obesity and thyroid status on proton leak. The results show that (i) proton leak in isolated liver mitochondria is not signi®cantly different in a comparison of young and old rats, in contrast (ii) there is an apparent increase in proton leak in in situ mitochondria in hepatocytes from old rats when compared to those from young rats, (iii) proton leak in neuronal mitochondria in situ in synaptosomes is not signi®cantly different in young and old rats, (iv) proton leak is greater in isolated liver mitochondria from obaob mice compared to lean controls, (v) acute leptin (OB protein) administration restores the increased leak rate in isolated liver mitochondria from obaob mice to that of lean controls, (vi) administration of thyroid hormone (T 3 ) increases proton leak in rat muscle mitochondria, and (vii) proton leak in muscle mitochondria is insensitive to the presence of GDP. It is proposed that the experimental system described here for measuring proton leak, is an ideal functional assay for determining whether the novel uncoupling proteins increase inner membrane permeability to protons.
Introduction
Oxidative phosphorylation is the process by which the majority of ATP is synthesised in mammals. ATP synthesis is coupled to oxygen consumption via the proton electrochemical gradient (Dp) established across the mitochondrial inner membrane. 1 However, stoichiometric studies show that ATP synthesis is not perfectly coupled to oxygen consumption. 2 Furthermore, mitochondria (isolated or in situ) given substrate, still consume oxygen under non-phosphorylating conditions (Figures 1a and 1b) . The weight of evidence in the literature suggests that oxygen consumed under these non-phosphorylating conditions is controlled by inner membrane permeability to protons (and probably other cations for mitochondria in situ).
3 ± 5 Proton leak is driven by the magnitude of Dp and proton leak rate determined by the inner membrane conductivity to protons at a given Dp. Under non-phospohorylating conditions Dp is maximal and thus proton leak rate is at its maximum. 6 In cells and tissue systems investigated thus far, incubated under a variety of standard conditions, it would appear that in situ mitochondria are poised in between state III (maximal phosphorylating conditions) and state IV (non phosphorylating conditions. 7, 8 Hence it has been demonstrated that the oxygen consumed by in situ mitochondria is not due solely to ATP demand but rather a signi®cant proportion ( % 20% in hepatocytes and thymocytes and % 30% in rat hindquarter skeletal muscle) of it is consumed by the proton leak. 9 Indeed it has been estimated that proton leak accounts for up to 35% of the resting metabolic rate of a whole rat. 10 Clearly proton leak represents a signi®cant inef®ciency in oxidative phosphorylation.
It has also been established that factors affecting resting metabolic rate can also effect the ef®ciency of oxidative phosphorylation, in particular proton leak. An inter-species comparison of mammals, from mice to horses ranging in body mass from 0.02 kg to 200 kg, showed that smaller animals have greater liver mitochondrial proton leak at a given Dp when compared to those from larger animals. 11, 12 The increased proton leak rate with decreasing body mass was predicted by Brand and is consistent with an increase in massspeci®c metabolic rate with decreasing body mass. 13 Similarly, rats made hyperthyroid have an increased metabolic rate and have leakier liver mitochondria when compared to euthyroid controls which in turn have leakier mitochondria than those from rats made hypothyroid. 14, 15 In this paper we summarise recent work in our laboratory demonstrating the use of this indirect measurement of mitochondrial proton leak and how it has been applied to investigate inner membrane permeability to protons in (a) liver and (b) neuronal mitochondria from young and old rats, (c) liver mitochondria from lean and obese mice and (d) skeletal muscle mitochondria from rats made hyperthyroid. It is proposed that indirect measurement of mitochondrial proton leak is a convenient tool for investigating whether novel uncoupling proteins catalyse proton leak across the mitochondrial inner membrane.
Methodology
Young Wistar rats (3 ± 7 months), a mixture of male and female, were supplied by the BioResources Unit at Trinity College Dublin. Old Wistar rats (23 months) were purchased from Banton & King, UK and housed at room temperature in the BioResources Unit for four weeks before use. Obese (obaob) and control [( 7 a 7 ) and ( 7 aob) mixture] mice were supplied by Aston University, Birmingham, UK and housed in the BioResources Unit for 3 ± 4 weeks before use. All animals were fed ad libitum.
Hyperthyroidism was induced in 10-week old Wistar rats by 10 daily injections of 15 mg of triiodo-L-thyronine (T 3 )a100 g body mass; littermate controls were injected with sham (5 mM PBS). 15 Leptin (1 mga100 g body mass) was administered i.p. to 9-week old obaob mice by two daily injections; controls were injected with sham (saline). 16 Liver mitochondria were isolated as previously described. 17 Rat skeletal muscle mitochondria were isolated according to the procedure of Bhattacharya et al. 18 Rat hepatocytes were isolated according to the procedure of Seglen. 19 Whole rat brain synaptosomes were isolated according to Gordon-Weeks. 20 Indirect measurement of proton leak kinetics has been described previously. 3, 21 Results and Discussion
Aging
Studies of the effects of aging on mitochondria have shown defects in ultrastructure, 22 decreased electron transport chain activity. 23 decreased activity of individual electron chain complexes, 24 ,25 mitochondria DNA 26 and mitochondrial transcription. 26 The decay in mitochondrial function is attributed to oxygen stress and free radical production 27 . Changes in mitochondrial inner membrane phospholipids are also reported. 28 Aging has been correlated with decreased inner membrane cardiolipin and linoleic levels. 29 Cardiolipin, unique to bioenergetic membranes, is essential for proper enzyme and transporter conformation and activity in the inner membrane. In addition, it has been recorded that there is an increase in mitochondrial inner membrane long-chain polyunsaturated fatty acids which have been positively correlated with increases in mitochondrial proton leak. 29, 30 In our aging studies we looked at inner membrane proton leak in mitochondria from liver, a highly regenerative tissue, and neurons (represented by synaptosomes) a post-mitotic tissue. Proton leak kinetics were determined for liver mitochondria from young (3 ± 4 months) and old rats (24 ± 25 months) using succinate ( Figure 2a ) and glutamate plus malate (Figure 2b ) as substrates. Typically the plot of proton leak rate (or in this case the equivalent oxygen consumption rate due to proton leak) as a function of its driving force, the mitochondrial membrane potential, was non-linear or non-ohmic. Furthermore, at any given membrane potential, there was no signi®cant difference in the oxygen consumption rate due to proton leak (proton leak rate) when comparing mitochondria from young and old animals. There would appear, from the literature, to be no previous comparisons of inner membrane permeability to protons using isolated liver mitochondria from young and old animals. However reports have shown decreases in state IV and state III rates in liver mitochondria from human and animal sources. 23 ,31 
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Our observations for isolated liver mitochondria are in marked contrast to our observations for liver mitochondria in situ in hepatocytes. An increase in oxygen consumption due to proton leak at any given membrane potential was observed in a comparison of young (3 months) and old (24 months) rats ( Figure 3) . Our observation supports a recent report which shows an increase in the in situ oxygen consumption due to proton leak in hepatocytes isolated from young 3 month) and old (30 month) C57BLaJ mice. 32 The results are also consistent with results of Hagen et al. 33 who showed a reduced mitochondrial membrane potential in resting hepatocytes from old rats. On facevalue there would appear to be a contradiction, in terms of proton leak, between the in situ and isolated mitochondrial observations. A simple explanation may well be that there is an increased cycling of ions other than protons in hepatocytes from the older animals. Clearly further investigation is required. Figure 4 shows the proton leak kinetics for mitochondria in synaptosomes isolated from young (3 months) and old (24 months). There was no signi®cant difference in the amount of oxygen consumed due to proton leak at any given membrane potential by in situ synaptosomal mitochondria from young and old animals. These data concur with proton leak kinetics studies performed on isolated mitochondria from whole rat brain by Vitorica et al. 34 Taken together, our data and data of others support the view that inner membrane permeability to protons is no different in comparisons of young and old animals in isolated liver and in mitochondria from Figure 2 Kinetics of the proton leak for rat liver mitochondria from young and old rats. Rat liver mitochondria from 3 month (d) and 24 month (s) old rats were incubated in a Clark-type oxygen electrode at 37 C in 3.5 ml of medium containing 100 mM KCl, 20 mM sucrose, 10 mM KH 2 PO 4 , 100 mM ADP, 2 mM MgCl 2 , 20 mM glucose, 1 mM EGTA, 1 mgamg oligomycin and 5 mM HEPES adjusted to pH 7.2 with KOH. Five sequential addition of methyltriphenylphosphonium iodide (TPMP , I
7
) were made to the chamber of the Clark-type oxygen to facilitate calibration of the TPMP-electrode giving a ®nal concentration of 5 mM. In (a) 3.5 mg of mitochondria were used, nigericin (100 pmolamg) was also present and 7.5 mM succinate (K salt, pH 7.2) was added to initiate oxygen consumption; titration of the membrane potential was with 0 ± 10 mM malonate (K salt, pH 7.2). In (b) 3.5 mg of mitochondria were used, no nigericin was present and oxygen consumption was initiated with 4 mM glutamate (K salt) plus 1 mM malate (K salt) pH 7.2; titration of the membrane potential was with 0 ± 40 mM KCN. All points represent the mean AE s.e.m. of at least three experiments each performed in at least triplicate. Further details are given in references 52, 53 Figure 3 Kinetics of the proton leak for in situ mitochondria in hepatocytes isolated from young and old rats. Hepatocytes (0.375 ml of a % 25 mg dry weightaml cell suspension) from 3 month (d) and 24 month (s) rats were incubated in 2.125 ml of Dulbecco's modi®ed Eagles medium containing 2 mgaml oligomycin, 1 mM TPMP, 0.1 mCiaml C in a shaking water bath (100 cylclesamin). The gas phase above the cells was 95% air ± 5% CO 2 to allow equilibration of the medium to pH 7.4; titration of membrane potential was with 0, 0.05, 0.1, 0.25, 1 and 3 mM myxothiazol. Oxygen consumption rates not due to oxidative phosphorylation has been subtracted and was established under the above conditions in the presence of 3 mM myxothizol, 0.1 mM valinomycin and 20 mM carbonyl cyanide p-trifuluoromethoxyphenylhyrazone. All points represent the mean AE s.e.m. of at least three experiments each performed in duplicate (unpublished observation). whole brain. However, further investigation is needed to reconcile the matter in hepatocytes.
Obesity
Previously studies in mammals on factors affecting basal metabolism have shown that liver inner membrane permeability to protons is altered. Body mass comparisons of mammals ranging in body mass from 0.02 kg to 200 kg showed that smaller animals have liver mitochondria leakier to protons at a given Dp when compared to those from larger animals. 11, 12 The increased proton leak rates with decreasing body mass are consistent with an increase in mass-speci®c metabolic rate with decreasing body mass. Similarly, rats made hyperthyroid have an increased metabolic rate and have leakier liver mitochondria when compared to euthyroid controls. 14, 15 Measurements on obese humans and animals show that they have increased resting metabolic rate when expressed per unit lean body mass compared to lean controls. 35, 36 In a comparative study using obaob mice and lean controls, it was found that proton leak was greater in liver mitochondria from obese mice compared with those from lean mice (Figure 5a ). Based on the reports that proton leak in liver mitochondria increases with increasing mass-speci®c body weight in thyroid status and inter-species large and small animal studies, the current observation was not completely unexpected. ) were made to the chamber of the Clarktype oxygen electrode to facilitate calibration of the TPMPelectrode giving a ®nal concentration of 5 mM. 7.5 mM succinate (K salt, pH 7.2) was added to initiate oxygen consumption; titration of the membrane potential was with 0 ± 10 mM malonate (K salt, pH 7.2). (a) Shows proton leak kinetics for mitochondria from lean (u) and obese (d) mice. Inclusion of defatted bovine serum albumin in our liver mitochondria isolation procedure did not affect the kinetic pro®le of the proton leak in the obese animals. (b) Shows proton leak kinetics for mitochondria from lean (u), obese (*), sham (saline-treated) (s) and leptin-treated mice (j). Proton leak rate was calculated from oxygen consumption rate by assuming 6 protons were pumped (and leaked) per oxygen atom. All points represent the mean AE s.e.m. of at least three experiments each performed in at least triplicate. Further details are given in references Melia et al. 52 Obese (obaob) mice lack leptin (OB protein), a hormone produced by fat cells and which is involved in appetite determination and regulation of metabolic rate. 37 Intraperitoneal injection of leptin over three days to obese mice resulted in a decrease in the proton leak of liver mitochondria at any given membrane potential when compared to sham-treated controls. The resulting reduced proton leak rate values, measured in liver mitochondria isolated from these animals, were insigni®cantly different to values observed for the lean animals (Figure 5b) .
The increased liver mitochondrial proton leak measured for obese mice compared to lean is consistent with the increased lean body mass speci®c metabolic rate measured by others. 35 In addition, increased leak in liver mitochondria may in some way be compensating for the less active brown adipose tissue reported for obaob mice. 38 The`normalization' of proton leak kinetics in the liver mitochondria of the obese mice given leptin is consistent with other reported`normalization' effects of leptin administration of obaob mice physiology such as those observed for pancreatic, immune and reproductive functions. 39 However, our results are inconsistent with the observation that leptin administration to obaob mice increases mass-speci®c metabolic rate.
The answer may lie in the fact that leptin increases UCP expression in obaob mice, increasing uncoupling protein (UCP) 3 mRNA levels in skeletal muscle, 41 UCP2 mRNA levels in islets cells 42 and UCP1 transcript in brown adipose tissue. 43 It may be that leptin is manifesting its increased metabolic effects on obaob mice in concert with UCP expression and in tissues expressing UCPs. No UCP has been associated with the mitochondria from the parenchyma cells of the liver 44 in lean animals and proton leak in liver mitochondria has been shown to be purine nucleotide insensitive, 45 evidence which supports the view that liver mitochondrial proton leak occurs by diffusion. Clearly further investigation is required.
Thyroid hormone
Previously, thyroid status studies on proton leak have focused on liver mitochondria. It was shown that rats made hyperthyroid have increased proton leak at any given membrane potential when compared to sham treated controls whereas rats made hypothyroid have decreased proton leak compared to euthyroid controls. 14, 15 Proton leak kinetics have been studied previously in rat skeletal muscle. 46 The pro®le of the proton leak rate as a function of membrane potential is typically non-ohmic and has been measured in whole rat hindquarter muscle and in isolated mitochondria. 10, 46 In our comparison of proton leak kinetics for skeletal muscle mitochondria from rats made hyperthyroid and sham treated controls, proton leak at any given membrane potential is greater in mitochondria isolated from the hyperthyroid animals ( Figure 6 ). The result is consistent with the previous liver studies on isolated mitochondria and hepatocytes 14, 15 and consistent with skeletal muscle being a target tissue for thyroid hormone. In addition, the presence of GDP did not affect the kinetics of the proton leak in rat skeletal muscle mitochondria ( Figure 6 ).
Unlike in parenchyma cells of the liver, skeletal muscle has been shown to have constitutive expression of UCP2 and UCP3 transcript. 47, 48 There are also reports in the literature that thyroid hormone administration to mice increases transcripts of UCP2 and UCP3 in skeletal muscle. 41, 49 Furthermore, amino acids reported to be involved in purine nucleotide binding in studies on mouse UCP1, have equivalents in UCP2aUCPH and the long form of UCP3. The contiguous sequence EGPAAFFKG has been reported to be involved in purine nucleotide binding in mouse UCP1. 50 Similar contiguous sequence at an equivalent position in the protein occur in UCP2 and UCP3. In addition, site-directed mutagenesis studies on Arg 83, Arg 182 and Arg 276 of mouse UCP1 have shown them to be essential for GDP binding. Equivalent arginines exist in equivalent positions in UCP2, UCPH and (the long form of) UCP3. A comparison of rat UCP1 with mouse UCP1 reveals that the consensus sequence (EGPAAFFKG) and equivalent arginines (Arg 84, Arg 183 and Arg 277) are present Figure 6 Kinetics of the proton leak for rat muscle mitochondria from eu-and hyperthyroid rats. Rat liver mitochondria (3 mg) were incubated in a Clark-type oxygen electrode at 37 C in 3 ml of medium containing 120 mM KCl, 1 mM EGTA, 1 mgamg oligomycin, nigericin (100 pmolamg) and 5 mM HEPES adjusted to pH 7.2 with KOH. Five sequential addition of methytriphenylphosphonium iodide (TPMP I
7
) were made to the chamber of the Clark-type oxygen to facilitate calibration of the TPMP-electrode giving a ®nal concentration of 5 mM. 7.5 mM succinate (K salt, pH 7.2) was added to initiate oxygen consumption; titration of the membrane potential was with 0 ± 10 mM malonate (K salt, pH 7.2). Key: euthyroid (s), hyperthyroid (*) and hyperthyroid plus 1 mM GDP (j). Proton leak rate was calculated from oxygen consumption rates by assuming 6 protons were pumped (and leaked) per oxygen atom). All points represent the mean AE s.e.m. of at least three experiments each performed in at least triplicate. Further details are given in Melia and Porter. 55 in rat UCP1. The majority of the consensus sequence and equivalently positioned arginines are present in rat UCP2 and rat UCP3 (Figure 7 ). In short, there is certainly circumstantial evidence, from primary sequence studies, that UCP2 and UCP3 can bind purine nucleotides.
If one was to assume that the UCP2 and long UCP3 catalyse proton leak, one might expect proton leak to be GDP sensitive in mitochondria isolated from skeletal muscle of normal and hyperthyroid rats, based on the above circumstantial evidence. This was not observed ( Figure 6 ). It is possible however that UCP2 and UCP3 cannot bind GDP or that proton leak in skeletal muscle mitochondria may be GDP sensitive under different conditions. On the other hand, proton leak in skeletal muscle mitochondria may be essentially a diffusion mediated process as is believed to occur in liver mitochondria. 6 Further research is ongoing.
Application to UCP studies
Comparisons of proton leak rates at an equivalent driving force (membrane potential) are essential for investigations where proton leak is thought to be affected. This functional assay can be used on isolated mitochondria or mitochondria in situ in cells. The assay should be useful in determining whether UCPs are involved in proton leak in a variety of experimental conditions, for instance (i) UCP transfected cell systems, (ii) mitochondria isolated from UCP transfected cell systems, or (iii) mitochondria or cells isolated from tissues where UCP expression occurs and where the degree of expression can be varied other than through transfection. 
